Abstract Co-doped samples of Ce 0.95−x Ca 0.05 Sr x O 1.95−x , where (x=0.00, 0.01, 0.02, and 0.03), have been prepared by auto-combustion method and characterized to explore their use as a solid electrolyte for intermediate temperature solid oxide fuel cells (IT-SOFCs). Crystal structure, microstructure, and ionic conductivity have been characterized by X-ray diffraction, scanning electron microscopy, and impedance spectroscopy, respectively. All the compositions have been found to be single phase. Results show that the samples co-doped with Ca and Sr exhibit higher ionic conductivity than the samples singly doped with Ca in the intermediate temperature range. Ce 0.93 Ca 0.05 Sr 0.02 O 2−δ exhibits maximum conductivity among all the compositions. This may be a potential candidate as a solid electrolyte for IT-SOFCs.
Introduction
Oxide ion conductors are used in oxygen sensors [1] [2] [3] and solid oxide fuel cells (SOFCs) [4] [5] [6] . Among these applications, SOFCs are especially developed as a clean and efficient power source for generating electricity from a variety of fuels. For the commercial application of the SOFCs for the distributed heat-power co-generation, an operation temperature in the range 500-700°C is highly desirable. This is in view of the cost effectiveness because inexpensive stainless steel may be used for this purpose.
Doped ceria electrolytes have attracted great interest in recent years because of their potential as a solid electrolyte for intermediate temperature solid oxide fuel cells (IT-SOFCs) application [7] . In CeO 2 , temperature facilitates movement of oxygen ions through oxygen vacancies which are produced in the oxygen sublattice to neutralize the deficiency of charge created by lower valent dopant cations. Doped ceria oxides show much higher ionic conductivity at relatively low temperatures (500-700°C) as compared with yttria-stabilized zirconia. These have been extensively studied as the most promising electrolyte materials for IT-SOFCs. Among the various ceria compositions investigated so far [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , Gdand Sm-doped ceria (GDC and SDC) are considered as the most suitable low-temperature solid electrolytes for IT-SOFCs application. Both Gd 2 O 3 and Sm 2 O 3 , however, are very costly. Therefore, there is an increasing interest to develop new cost-effective ceria-based electrolytes.
Ceria doped with alkaline earth oxides such as CaO [20, 21] and SrO [22, 23] has been studied extensively. Electrical conductivity of CaO-and SrO-doped ceria is much higher than that of undoped ceria. The highest conductivity was found in the composition Ce 0.90 Ca 0.10 O 1.90 by Shing et al. [24] which is ∼10 −3 S cm −1 at 600°C. Yamashita et al. [25] found that the 1.95 exhibits the maximum conductivity in this system. Composition exhibiting maximum conductivity in this system has been reported to be different by different authors. This may be due to minor changes in the purity of raw materials and mainly changes in the processing conditions.
Co-doping of ceria has been found to be very effective for enhancement of conductivity in recent years [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Most of these compounds contain rare earth elements as a constituent. In the present investigations, effect of co-doping has been studied using Sr as a co-dopant in the composition Ce 0.95 Ca 0.05 O 1.95 , which exhibits the maximum conductivity in our investigation as mentioned above.
Co-doping with Sr in some rare earth singly doped ceria has been reported to enhance their conductivity [38] [39] [40] [41] . In order to explore cheaper solid electrolyte for ITSOFCs, a few samples of ceria co-doped with Ca and Sr, viz. 6 ], (Qualikems, India; 99.00 %), calcium carbonate (Reidel, India; >99.5 % purity), strontium nitrate (Reidel, India; >99.5 % purity), and citric acid (Loba Chemie, India; 99.5 %) for the synthesis of powders. Aqueous solutions of metal nitrates were mixed with an aqueous solution of citric acid maintaining a constant citrate to nitrate ratio of 0.3 [42] . The mixed solution was evaporated with continuous stirring at 200±5°C until it gelled and finally burnt. Within a few seconds, the combustion reaction completed giving yellow porous ash filling the container. The ash was calcined at 600°C in air for 4 h. Calcined powder was uniaxially pressed under a load of 70 kN into green pellets having 15 mm diameter. The green pellets were sintered at 1,350°C for 4 h in air.
Sample characterization
Crystal structure of sintered powder was determined using a Rigaku high-resolution powder X-ray diffractometer employing Cu K α1 radiation and Ni filter. Data were collected in the Bragg angle range of 20°≤2θ≤80°. The crystallite size, D of the sintered powder, was determined using Scherrer's formula:
where β is the full width at half maxima excluding instrumental broadening, λ is the wave length of X-ray radiation, and θ is the Bragg angle. β is taken for the strongest Bragg's peak corresponding to (111) reflection for all the samples. Lattice parameters were calculated using "Unit Cell" software [43] . Density of sintered pellets was determined by Archimedes method and expressed as percentage of theoretical density determined from the lattice parameter and molecular weight of the compound. Sintered pellets were polished using emery papers of grade 1/0, 2/0, 3/0, and 4/0 (Sia, Switzerland) followed by polishing on a velvet cloth using diamond paste of grade1/4-OS-475 (HIFIN). Then, these were etched thermally at 1,250°C. Micrographs were taken with the help of a scanning electron microscope (INSPECT 50 FEI').
Conductivity measurement
For conductivity measurements, Ag paste was applied on both surfaces of the pellet. The paint was cured at 700°C for 15 min to form silver electrodes. Conductivity was determined by impedance spectroscopy. Impedance measurements were made using a Novocontrol Alpha-A High-Performance Frequency Analyzer with an applied voltage of 20 mV in air in the temperature and frequency range 200-600°C and 1 Hz to 1 MHz, respectively. Data were collected using "Win data" program and fitted to the corresponding equivalent circuit using ZView software.
Results and discussion
Crystal structure Figure 1 shows X-ray diffraction patterns of the powders of sintered pellets for the system Ce 0.95−x Ca 0.05 Sr x O 1.95−x (x=0.00, 0.01, 0.02, and 0.03). Characteristic lines of constituent oxides are not observed in the diffraction patterns. All the samples are single phase having cubic fluorite structure. X-ray diffraction (XRD) patterns of the calcined powders are similar to those obtained after sintering except that the diffraction lines become sharper as shown in Fig. 1 . This is due to grain growth occurring during sintering. There is a slight shift in 2θ values from the corresponding 2θ values of undoped ceria. Diffraction patterns were indexed on the basis of fluorite structure similar to CeO 2 using JCPDS file no. . Lattice parameter of all the samples is given in Table 1 . Lattice parameter is found to increase with strontium content because ionic radius of Sr 2+ (1.26Ǻ) is larger than that of Ce 4+ (0.97Ǻ) and Ca 2+ (1.12Ǻ) [44] . Crystallite size, D of the calcined powder calculated from X-ray line broadening using Scherrer's formula, is in the range 47-57 nm. Density of the sintered pellets of all the samples, determined by Archimedes principle, is more than 97 % of the theoretical density (Table 1) . Figure 2 shows micrographs of thermally etched samples at 1,250°C. Micrographs of the surface of the sintered samples show well-defined grains separated by grain boundaries. All sintered samples have grains with varying sizes. As strontium content increases, a narrowing of grain size distribution is observed. Average grain size of the compositions with x=0.00, 0.01, 0.02, and 0.03 determined by linear intercept method is approx. 6.0, 2.5, 2.0, and 1.5 μm, respectively. It is observed from Fig. 2 that average grain size decreases with increasing concentration of Sr, indicating that Sr acts as a grain growth inhibitor. This may be due to segregation of Sr 2+ at grain boundaries due to elastic strain arising out of size mismatch of Sr 2+ and Ce 4+ . Whenever we dope a material with another ion, two types of strains are developed. Elastic strain arises due to difference between the ionic radii of the host ion and dopant ion. Electrostatic strain arises due to difference in their valency. Both these strains lead to increase in the energy of the materials. Grain boundaries are regions of high energy because of disorder present in them. Therefore, the dopant ions can be accommodated in the grain boundaries with minimum expenditure of extra energy, i.e., dopants tend to segregate to the grain boundaries. In the present materials, the excess concentration of dopants (Sr 2+ in this case) may not be enough at grain boundaries so that it appears as a different phase in XRD. This can however be studied by using EDX and electron microprobe analysis. 
Electrical conductivity
Conductivity of doped ceria in air has been reported to be completely ionic in nature [34] . In this paper, the conductivity measured in air can be treated as oxide ion conductivity. Electrical conductivity of the samples was studied using complex plane impedance analysis. Complex plane impedance plots at 200°C of all the compositions studied are shown in Fig. 3 . Impedance plots of CC5S2 composition at different temperatures are plotted in Fig. 4 . Typically, three arcs are observed in the complex plane impedance plots of polycrystalline materials. The arc present in the highest frequency range is attributed to intragrain behavior, one in the intermediate frequencies is attributed to grain boundaries, and the third arc in the lowest frequency range is assigned to electrode-electrolyte interface polarization. Impedance plots at 200°C (Fig. 3) exhibit two distinct arcs corresponding to grains and grain boundaries, and a third arc corresponding to electrode-electrolyte interface starts appearing. As the temperature increases, the arcs shift to higher frequency leading to disappearance of the arcs due to contributions of grains and grain boundaries. The grain arc disappeared at temperature above 325°C, and beyond 450°C, grain boundary arc also disappeared. At higher temperatures, only electrode arc appears. All the three arcs are not clearly seen in the impedance plots at all temperatures because of limited frequency range available in the equipment. The grains and grain boundaries arcs are associated with the capacitances in the pF (10 ) and nF (10 ) ranges [45] . These are determined from the relation 2πf max RC=1, where f max is the applied frequency at the arc maximum, R is the resistance, and C is the capacitance of a particular contribution. In order to see clearly the contribution of the grain boundaries, the data is plotted on an expanded scale in the insets. Impedance spectra were fitted using the equivalent circuit containing two parallel resistance (R)-constant phase element (CPE) circuits connected in series one for the bulk and other for the grain boundaries. In the present analysis, a CPE [46] is used for fitting the data instead of a capacitor (Fig. 4) . The CPE accounts for the microstructure inhomogeneity within the sample, and it is equivalent to a distribution of capacitors in parallel. In Fig. 4 , R 1 , R 2 , CPE1, and CPE2 stand for grain resistance, grain boundary resistance, CPE of grains, and CPE of grain boundaries, respectively. The contribution of the electrode-specimen interface (which is given by the third arc) is not considered here because total resistance of electrolyte is given by the sum of grain (R g ) and grain boundary resistance (R gb ). These circuits are used to obtain the best fit and adequately determine the electrolyte resistance.
Total resistance of the sample is given by R t =R g +R gb . Resistance of grains (R g ) and grain boundaries (R gb ) can be determined by fitting the impedance data. Total conductivity (σ t ) has been determined using the formula:
where L is the thickness and S is the area of the sample. An important feature of ceria is its tolerance to doping due to its relatively open structure. Addition of divalent cations in ceria produces oxygen vacancies responsible for ionic conduction [47, 48] as given below in the Eqs. 3 and 4:
Arrhenius plots of bulk conductivities for all the samples in the temperature range 200-450°C are shown in Fig. 5 . It can be seen from Fig. 5 
where σ 0g is the pre-exponential factor, k is the Boltzmann constant, and T is the absolute temperature. Values of activation energy of bulk ionic conductivity (E g ) for all the samples determined from the plots by least square fitting of the data points in Fig. 5 are given in Table 2 . According to Verkerk [50] and Christie et al. [46] , there exists a relation between apparent grain boundaries conductivity (σ gb ) determined from the grain boundary arc of impedance plot and specific grain boundaries conductivity σ gb * as given by Eq. 6:
where δ gb is the thickness of the grain boundary and d g is the average grain size. If bulk and grain boundary permittivities are similar, then Eq. 6 can be written as:
where C g and C gb are bulk and grain boundary capacitance determined from the impedance plots. Arrhenius plots for specific grain boundary conductivity are shown in Fig. 6 . Thickness of grain boundary can be calculated from Eqs. 6 and 7, and it is in the range of 2-5 nm (given in Table 2 ) in agreement with the values reported by Guo et al. [51] .
It is seen from Fig. 6 that the grain boundary conductivity depends on Sr content, and it is higher for co-doped samples. This may be due to two factors. One is due to scavenging effect of Sr. Grain boundary blocking factor (∝ gb ) has been used to confirm the scavenging effect of Sr [50, 52] . It is defined as:
Blocking factor ∝ gb gives the fraction of charge carriers being blocked at the impermeable internal surface, under the [52] that grain boundary effect depends on dopant concentration and dopant size. The grain boundary resistivity decreases sharply with increasing concentration and size of the dopants. Concentration and nature of the dopants control how much Si goes into solid solution and how much is segregated. On the basis of scanning transmission electron microscopy combined with energy dispersive X-ray microanalysis and electron energy loss spectroscopy, Gerhardt et al. [53] reported that in yttrium-doped ceria, there exists an amorphous silica thick layer surrounding the grains. This layer blocks the charge carriers leading to increase in the resistivity of the grain boundaries. They also observed the formation of some silicate phases of yttrium. The amount of these phases increases as the yttrium concentration increases. These phases pocket at the triple point junction, leaving clean grain to grain contacts area. Therefore, the amount of Si decreases as the concentration of dopants increases, i.e., less amount of Si is available for the formation of thick boundary layer. Similar silicate phases may form in the materials under present investigation. The exact compositions, morphology, and distribution of these phases require analytical studies as mentioned above. Removal of silica decreases the resistivity of the grain boundaries leading to decrease in the total resistivity. In the present investigation, an optimum value of Sr for scavenging effect is 2 mol %. Beyond this concentration, elastic strain seems to dominate leading to decrease in the conductivity.
Second is the decrease in the average grain size. It can be observed from Fig. 6 that specific grain boundary conductivity increases with decreasing grain size. Small grain size samples exhibit much higher grain boundary conductivity. This is because of the large grain boundary area for which the finite amount of impurity contained in these samples is not sufficient to form a continuous and uniform glassy phase layer along grain boundaries. This leaves the remaining grain boundary area for clean grain to grain contact [54] . Therefore, the transport of O 2− ions becomes faster across the grains through clean grain boundaries.
Values of activation energy of grain boundary conduction (E gb ) are given in Table 2 . These values of E gb are consistently higher than the corresponding E g values.
Plots of Log σ t T vs. 1,000/T for all the compositions are shown in Fig. 7 . These plots are linear with a single slope. Values of activation energy of total conductivity determined from the slope of these plots are given in Table 2 .
Values of σ t at 600°C for different compositions are given in Table 2 . Values of σ t increase with increasing Sr content up to 2 mol%. In the present study, an addition of Ca and Sr to ceria leads to some opposite competing effects. First is the ordering of oxygen vacancies is suppressed due to co-doping reported by Yamamura et al. [55] . This decreases the activation energy for migration of O 2− ion, consequently increasing the conductivity. Second is due to scavenging effect of grain boundaries by Sr 2+ leading to increase in the grain boundaries as well as total conductivity. Third is that the ionic size mismatch between Sr 2+ (1.26Ǻ) and Ce 4+ (0.97Ǻ) is larger than that between Ca 2+ (1.12Ǻ) and Ce 4+ (0.97Ǻ) [56] . The elastic strain therefore increases with increasing x (Sr). This decreases the conductivity because of an increase in activation energy for diffusion of O 2− ion. Concentration of oxygen vacancies also increases with increasing x. At the same time, the probability of the formation of associated defect pairs (Ca Ce
) also increases with increasing x. Because of the complex interplay of these opposite competing effects, conductivity increases up to x=0.02 and decreases thereafter.
Composition . Use of this material as a solid electrolyte for IT-SOFC is expected to reduce the cost drastically. Measurement of thermal expansion coefficient as a function of temperature and long-term stability needs to be studied for its application in IT-SOFCs.
Conclusions
Samples in the system, Ce 0.95−x Ca 0.05 Sr x O 1.95−x (x=0.00, 0.01, 0.02, and 0.03), have been prepared by citrate-nitrate route. Single-phase solid solution forms in all the compositions at low temperature as 600°C. Density of all the compositions is more than 97 % of the theoretical value. Conductivity of compositions increases with an increase in Sr concentration up to 2 mol % and then it decreases. Composition with x=0.02 exhibits the maximum ionic conductivity. This is higher than the maximum values reported in SDC and GDC. This may make this material suitable as a solid electrolyte for IT-SOFCs application.
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